Direct analysis of copper-base alloys using laser ablation techniques is an increasingly common procedure in cultural heritage studies. However, main discussions remain focused on the possibility of using non-matrix matched external reference materials. To evaluate the occurrence of matrix effects during in situ microanalysis of copper-base materials, using near infrared femtosecond laser ablation techniques (NIR fs-LA-ICP-MS), two bronzes, i.e., (Sn-Zn) 
Introduction
In recent years, it has been highlighted the importance about application of laser ablation based-analytical techniques to characterize metals-bearing materials. It is specially the case for cultural heritage studies [1] [2], such as on bronze objects [3] [4] [5] [6] [7] , due to the quasi non-destructive sampling and the ability to acquire multi-elemental data for major, minor and trace element concentrations with excellent detection limits.
The main impediment to develop laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) applications on solid copper-base (bronze) alloys has been due to a lack of well-characterized, homogeneous, and matrix-matched reference materials [5] [6] , which have been developed more specifically for micro-analytical purposes on whole-sample analyses [6] . In cultural heritage, the use of femtosecond (fs-)LA-ICP-MS technique has not been a common practice; as an example there is a recent study, which was conducted on ancient Chinese manufactured gold materials [8] . It is proposed that fs-LA-ICP-MS technique is suitable to measure in situ element concentrations at least as accurate and precise as classical in whole-sample ICP-MS methods [8] . Femtosecond (fs) laser ablation-based techniques are considered less prone to have matrix-related problems than nanosecond (ns) techniques [9] - [14] . Thus is because the fs-laser technique has a mechanical rather than a thermal influence on the ablated matrix [15] [16] [17] [18] .
In a previous study [19] , it was showed the possibility of quantifying major and trace element concentrations in natural materials, i.e., sulfide minerals, using a synthetic silicate glass (NIST-SRM-600) as an external calibrator, without any matrix effect, between sulfide and silicate matrices, over a wide range of concentrations (from wt.% to ppm), when a NIR femtosecond laser ablation coupled with ICP-MS is used. Even more, it was also proposed the possibility to determine precisely Au and Cu concentrations in silicate materials using homogeneous sulfide (reference) materials as an external calibrator [19] . These results point towards a new mode of analyzing both metal-bearing materials and its corresponding ore-minerals, in a single analytical session. The possibility to apply non-matrix matched calibration for quantification of trace element concentrations (at 10 2 to 10 5 ppm level) in Fe-base (stainless steel) samples has been also showed [20] , using both ultraviolet (UV-) ns-LA-ICP-MS and (UV-) fs-LA-ICP-MS.
Additionally, the (UV-) ns-LA-ICP-MS technique has been applied on entrapped slag inclusions in Roman iron bars [21] [22], discovered in Mediterranean wrecks, to track the ancient trade routes with great success. Nevertheless, it is required to cut a piece of these iron cultural heritage material to search and analyze the inclusions. Using of (UV-) fs-LA-ICP-MS technique, this weakness in the sample preparation might be avoided due to the possibility to measure in situ element concentrations directly on iron metal.
In contrast, some studies [23] have showed that it is not possible to quantify
Cu isotope ratios in sulfides by NIR fs-LA-MC-ICP-MS analyses, using a metal NIST-SRM-976 as an external calibrator. Instead, the authors used in-house made matrix-matched calibrators.
In order to evaluate the possibility of quantifying major, minor and trace element concentrations in copper-base alloys using non-matrix matched reference materials, during near infrared femtosecond laser ablation techniques (NIR fs-LA-ICP-MS), we performed detailed analyses of two copper-based alloys (Cu-Sn-Zn-ternary and Cu-Sn-binary alloys) and a synthetic glass reference material (NIST-SRM-610). Additionally, our results will be compared with those obtained previously [19] on a natural (made-in-house) chalcopyrite reference material (Cpy-RM), calibrated with a synthetic glass (NIST-SRM-610) applying the same laser ablation system and analytical conditions than for this study [19] .
Finally, we discuss the possibility of using no-matrix matched reference materials, i.e., copper-base, sulfide-and silicate-matrices, as external calibrators; to precisely determinate the concentrations of the major, minor, and trace elements (i.e., Cu, Sn, Zn, Fe and Pb) in bronze alloys.
Materials and Micro-Analytical Technique
To carry out this study the following materials were analyzed: 1) a ternary bronze alloy (named B3Z9P) with Cu, Zn and Sn as major elements, and Pb, Fe, P (550 ppm), Ni (1500 ppm) as trace elements; 2) a binary tin bronze alloy (named B6P) with Cu and Sn as major elements, Zn as a minor element, and Pb, Fe, P (880 ppm), Ni (50 ppm) as trace elements; and 3) the NIST-SRM-610 ref-
erence material [24] . Cu, Sn, Zn, Fe and Pb weight concentrations are given in Table 1 for both bronze alloys (B6P and B3Z9P) reference materials, as well as for NIST-SRM-610 and the previously analyzed natural chalcopyrite (Cpy-RM, [19] ) reference material. The elemental composition of B6P (CEN CW452K or UNS C51900) and B3Z9P (CEN CW454K or UNS C42500) alloys was determined by ICP-OES (Perkin Elmer Optima 5300 DV) for the main elements (≥1 wt.%), and by ICP-MS (Perkin Elmer Elan 9000) for minor and trace elements (<1wt.%). Compositional heterogeneity, expressed as standard deviations, for all the measured elements in alloys was lower than the instrumental error of 5% (Table 1 ). The copper-base materials are homogeneous single-phase alloys. They 
Results
Time-resolved fs LA-ICP-QMS spectra for monitored isotopes, i.e., Pb, in all analyzed reference materials are presented in Table 2 .
Copper is the main containing element in the studied alloy materials. Results (Table 2) show that calculated the previous session [19] , 63 Cu sensitivity average values reported were 66 ± 8, and 75 ± 10, for NIST-2012 and Cpy-RM, respectively, which also are in the American Journal of Analytical Chemistry same order of magnitude.
Zinc can be considered as a main element in B3Z9P, a minor element in B6P
and a trace element in NIST-SRM-610. Results (Table 2) In the other hand, Fe and Pb trace elements for all analyzed materials, display average sensitivity values very scattered among themselves ( Table 2) . In Figure 3(a) , 57 Fe/
63
Cu average sensitivity ratios expose some differences:
0.057 ± 0.004 (NIST-SRM-610-this study), 0.044 ± 0.003 (NIST-SRM-610, [19] ), 0.049 ± 0.001 (B3Z9P), 0.048 ± 0.006 (B6P) and 0.051 ± 0.004 (Cpy-RM, [19] ). According to these results, there are slight variations in Fe-sensitivity ratios related to different analyzed matrix types, i.e., copper-base, sulfide-and silicate-matrices.
In the same direction, calculated 208 Pb/
Cu average sensitivity ratios are well dispersed (Figure 3(b) ), when they are plotted as a function of the Pb/Cu bulk concentration ratios, displaying the following values: 2.3 ± 0.0 (NIST-SRM-610-this study), 2.2 ± 0.3 (NIST-SRM-610, [19] ), 2.9 ± 0.2 (B6P), and 1.6 ± 0.1 (B3Z9P).
Discussion
Our results show that These results provide new insights for in situ analysis of cultural heritage materials and copper-base nanomaterials, which have diverse and heterogeneous matrix types, e.g., sulfides, oxides, silicates and metal phases, often co-existing in a large concentration range [29] [30] . The possibility to measure: 1) low concentration level will avoid destructive sampling, such as inclusions analysis of iron artefacts [22] , and 2) wide concentrations ranges will permit heterogeneous copper-base materials to be investigated more efficiently.
As regards the investigation of precious artefacts concerning provenance studies [22] , no isotopic data are easily available in practice, but the coupling of (UV-) fs-LA with MC-ICP-MS techniques will offer a new opportunity to measure high resolution isotopic ratios on cultural heritage materials from museums.
In contrast, tates in phosphorus bronze alloys [25] . Since iron is immiscible in copper solid solution for temperature lower than 700˚C [32] , the different sensitivity ratios can be assigned to different chemical configurations such as possible oxide or phosphide iron.
The observed variations in the lead and, in a lower degree, in iron sensitivity
ratios suggest that NIR fs-LA-ICP-MS alloy analysis have partial matrix effects.
It follows that to carry out in situ analysis of Pb and Fe trace elements in copper-base alloys, it is recommended to use a matrix matching reference material.
Conclusions
This study shows that, using NIR fs-LA-ICP-MS, non-matrix-matched reference materials can be applied including copper-base, silicate-and sulfide-matrix types as external calibrator. This allows to precisely determine major and minor element concentrations, i.e., Cu, Sn and Zn in metallic copper alloys-without any effect of matrix, over a wide range of concentrations (from wt.% to ppm). Thus reciprocally, it appears possible to determine precisely Cu, Sn and Zn in natural sulfides using homogeneous alloys (reference) materials as an external calibrator. Our results bring forward a simplified and quicker analytical approach to quantify metal element concentrations on alloys as well as on their corresponding metal-bearing ore minerals, for concentrations ranging from wt.% to ppm, without requiring specific external calibrators for each matrix materials. These new calibration possibilities related to the use of the (UV-) fs-LA-ICP-MS technique offer promising new developments in cultural heritage studies.
In contrast, matrix-matched external calibrations should be applied for quantifying trace elements, e.g., Pb and Fe, in copper-alloys, using NIR fs-LA-ICP-MS. Such capacity of partial stoichiometric probe (only for major and minor elements) using NIR fs-LA-ICP-MS can be called as partial matrix effect.
